For U(VI), Np(V), Am(III) and TcO 4 - , the extraction reactions are enthalpy driven and disfavored by entropy (∆ r H < 0 and ∆ r S < 0). In contrast, the extraction reaction of Pu(IV) is entropy driven and disfavored by enthalpy (∆ r H > 0 and ∆ r S > 0). A test run with 0.2 mol/L TiBOGA in 40/60% 1-octanol/kerosene was performed to separate actinides and TcO 4 -from a simulated acidic high-level liquid waste (HLLW), using tracer amounts of 238 U(VI), from acidic HLLW (D Np(V) = 3.9) is much higher than that of many other extractants that have been studies for the separation of actinides from HLLW.
INTRODUCTION
The safety and cost of treating and disposing of nuclear wastes is a serious concern in the development of advanced nuclear energy. One promising strategy for the treatment of nuclear wastes is the partitioning and transmutation process (the P-T process), in which small amounts of long-lived radionuclides such as the minor actinides (MAs: Np, Pu, Am, Cm) and fission products (FPs: 99 Tc, 90 Sr, 137 Cs) are first separated from the huge quantities of nuclear wastes so that the bulk of the high level wastes becomes low or intermediate level waste that can be disposed of in a subsurface repository. The separated long-lived radionuclides, including the MAs and 99 Tc, are converted into short-lived radioisotopes or stable isotopes by transmutation in nuclear reactors or in advanced accelerators. 90 Sr and 137 Cs can be used as radioactive sources or stored in a subsurface repository. Thus, the P-T process can reduce the time scale and the risk of HLLW disposal.
To partition the long-lived nuclides, a few separation processes using various extractants have been developed including the TRUEX, DIAMEX, and TRPO processes [1] [2] [3] Np is a major radiation hazard in a long term due to its long half-life. Besides, to meet the increasingly higher demand of electricity, the nuclear power industry is expected to generate spent nuclear fuels with higher burn-up, in which the amount of 237 Np significantly increases. Thus, the development of new ligands that extract Np(V), along with other MAs and TcO 4 -, can improve the efficiency of partitioning processes and help advance the P-T strategy.
Extraction of actinides with a series of diglycolamides has been reported in the literature [4] [5] [6] [7] [8] [9] [10] [11] . For example, tetraoctyl-3-oxapentane-1,5-diamide (TODGA) and N,N'-dimethyl-N,N'-dihexyl-3-oxa-pentanediamide (DMDHOPDA) show good extractabilities for some actinides, especially An(III) [4] [5] [6] [7] [8] [9] [10] [11] . However, the extraction of Np(V) by TODGA is poor [11] . DMDHOPDA in nitrobenzene shows considerable extractability for Np(V) [6] , but no further mechanistic studies on this system have been reported. Besides, nitrobenzene is not a desirable solvent in nuclear fuel reprocessing. In searching for better extractants for the P-T process, we have studied N, N, N′, N′-tetraisobutyl-3-oxaglutaramide (TiBOGA, Fig. 1 ). Preliminary experiments have shown that TiBOGA can extract actinides (III, IV, V, VI) and TcO 4 -from simulated HLLW [12] , but the extraction mechanism remains unclear. In this paper, we report the results of mechanistic studies of the extraction of actinides (III, IV, V, VI) and TcO 4 -by TiBOGA.
EXPERIMENTAL
TiBOGA was synthesized according to the procedures in the literature [13] (Fig. 2(b) Because TiBOGA is a neutral extractant and all the extracted species in 1-octanol/kerosene are likely to be neutral [16] , the extraction equations for actinide ions can be described by eq. (1), taken into consideration that NO 3 -is the only anion in the extraction system:
where L represents TiBOGA. Then the extraction equilibrium constant, K, can be described by eq. (2): (Fig.4) . These results indicate that all the extracted actinide complexes are mononuclear under these conditions. This information, in conjunction with (Fig.3) , suggests that the extracted complexes are Fig.3 ) and 0.02 (Fig.4) , respectively. Therefore, l ≈ 2 and m ≈ 1, suggesting the extracted complex of TcO 4 -is HL 2 (TcO 4 ).
It should be pointed out that the actual extraction equilibrium may be more complicated than eq.(1). For example, the interaction of HNO 3 with TiBOGA is not considered in eq(1). It is known that many neutral extractants are also moderately efficient in extracting mineral acids [16] , TiBOGA may also extract HNO 3 , forming species such as L x (HNO 3 ) y .
When this occurs, the free extractant concentration in the organic phase is reduced and the efficiency of metal ion extraction suffers [16] . Table   1 .
The plots of lnK vs. 1/T are shown in Fig.5 . For all the ions, the data were fit with linear correlations to obtain the enthalpy and entropy of extraction by the van't Hoff equation (4) . The values are listed in Table 1 .
For U(VI), Np(V), Am(III) and TcO 4 -, the extraction processes are exothermic and driven by negative enthalpies. The distribution ratios decrease as the temperature is increased.
The extraction processes are disfavored by the negative entropy, a result observed for most extraction processes in which a number of extractant molecules combine with metal ions and associated anions to form highly ordered extracted complexes in the organic phase.
On the contrary, the extraction process of Pu(IV) is endothermic and appears to be driven by the positive entropy. The "abnormal" behavior may probably be rationalized as follows. Due to its high ion potential and strong polarization ability, Pu 4+ is much more HLLW is chosen because it has been systematically studied [3] and it offers convenient comparison with other studies such as the separation of Sr(II) [14] . Extraction experiments were performed by using 0.2 mol/L TiBOGA in 40/60% 1-octanol/KO as the organic phase. The volumes of aqueous and organic phases are both 5.0 mL. The composition of the simulated HLLW and the observed distribution ratios are shown in Table 2 .
Results in Table 2 Captions of Figures   Fig. 1 . N, N, N′, N′-tetraisobutyl-3-oxa-glutaramide. The errors associated with D M are ± 5% for 0.01 < D M < 100; ± 10% for D M > 100. for D M > 100.
